On the basis of extensive studies in Joslin Clinic patients over 25 years, we propose a new model of diabetic nephropathy in type 1 diabetes. In this model, the predominant clinical feature of both early and late stages of diabetic nephropathy is progressive renal decline, not albuminuria. Progressive renal decline (estimated glomerular filtration rate loss >3.5 mL/min/year) is a unidirectional process that develops while patients have normal renal function. It progresses at an almost steady rate until end-stage renal disease is reached, albeit at widely differing rates among individuals. Progressive renal decline precedes the onset of microalbuminuria, and as it continues, it increases the risk of proteinuria. Therefore, study groups ascertained for microalbuminuria/proteinuria are enriched for patients with renal decline (decliners). We found prevalences of decliners in 10%, 32%, and 50% of patients with normoalbuminuria, microalbuminuria, and proteinuria, respectively. Whether the initial lesion of progressive renal decline is in the glomerulus, tubule, interstitium, or vasculature is unknown. Similarly unclear are the initiating mechanism and the driver of progression. No animal model mimics progressive renal decline, so etiological studies must be conducted in humans with diabetes. Prospective studies searching for biomarkers predictive of the onset and rate of progression of renal decline have already yielded positive findings that will help to develop not only accurate methods for early diagnosis but also new therapeutic approaches. Detecting in advance which patients will have rapid, moderate, or minimal rates of progression to endstage renal disease will be the foundation for developing personalized methods of prevention and treatment of progressive renal decline in type 1 diabetes.
care of T1D during the past 25 years has not reduced the overall risk of ESRD but may have postponed its occurrence to an older age or longer duration of T1D.
This situation calls for action, beginning with learning more about the mechanisms underlying progressive renal decline and ESRD in diabetes. Our ignorance about these mechanisms stands as a glaring deficiency, resulting in part from the absence of an animal model that mimics progressive renal decline as seen in human diabetes (2) . At the same time, studies in humans have been difficult. The collection of data on renal function changes over long periods of time has been hampered by a lack of consensus regarding the best method to measure renal function as the glomerular filtration rate (GFR) (3) . Moreover, universal acceptance of a model of diabetic nephropathy centered on albuminuria has made examination of alternative models seem unnecessary (4) (5) (6) (7) . In the albuminuriacentric model, the onset of microalbuminuria (MA) is considered the initial manifestation of a disease process that leads to proteinuria, then GFR loss, and eventually ESRD. Thus, prevention or treatment of MA or proteinuria became the strategy to reduce risk of ESRD in T1D.
Publications during the past 15 years and the trends shown in Fig. 1 suggest that the albuminuria-centric model and its implications might be incorrect (8) (9) (10) (11) (12) .
JOSLIN CLINIC POPULATION: A LABORATORY TO STUDY THE NATURAL HISTORY OF RENAL DECLINE IN DIABETES
Joslin Clinic was established in 1898 to treat patients with diabetes. Currently the clinic provides long-term care for about 4,000 patients with T1D and 16,000 patients with type 2 diabetes of all ages. The majority of these patients reside in the eastern part of Massachusetts and 85% of them are Caucasian. A large proportion of patients remains under the care of the clinic for long time, frequently for life. Their complications develop while under observation in the clinic. The number of patients referred to the clinic due to kidney complications is negligible. Since 1991, we have been conducting longitudinal studies to examine determinants of renal function decline in patients with diabetes.
Recruitment of 1,600 patients into the 1st Joslin Kidney Study on Natural History of Microalbuminuria in T1D extended from 1991 through 1993, and followup continued through 2004 (12) (13) (14) (15) .
Recruitment of 1,108 patients into the 2nd Joslin Kidney Study on Natural History of Early Renal Decline in T1D extended from 2003 through 2009, and follow-up is still ongoing (16) (17) (18) (19) . The Joslin Proteinuria Cohort was assembled from among patients with T1D who developed proteinuria while attending the clinic between 1991 and 2004, and follow-up is still ongoing (1, (20) (21) (22) . For recruitment and follow-up, all relevant data from medical records of the clinic were abstracted. Those data were supplemented with results of special examinations performed at enrollment and biannually afterward. Biobanks of blood and urine were established and specimens are stored at 2858C. Three phenotypes of diabetic nephropathy have been evaluated in all cohorts at enrollment and monitored during follow-up. These included 1) urinary albumin-to-creatinine ratio (ACR) in spot urine specimens; 2) estimated glomerular filtration rate (eGFR) that was determined based on serum concentration of creatinine, cystatin C, or both using recently developed formulas (3); and 3) onset of new ESRD diagnosed when a patient was placed on dialysis or received a kidney transplant.
In this review, I highlight previously published findings and unpublished data from the Joslin Studies relevant to supporting "progressive renal decline as the new paradigm of diabetic nephropathy in T1D." As a result, attention to other possibly relevant publications is not exhaustive. This review also incorporates some of our earlier considerations regarding progressive renal decline (23, 24) .
OCCURRENCE OF PROGRESSIVE RENAL DECLINE IN T1D
We refer to renal decline as progressive because, once started, it continues until renal failure develops and dialysis or kidney transplant is required (Figs. 2-5 ). We distinguish early renal decline that develops when patients have normal renal function from late decline in patients with impaired renal function (eGFR ,60 mL/min) not because they differ but because other models have supposed different mechanisms are involved.
Progressive Renal Decline Develops in Patients With Normoalbuminuria and MA
We examined in detail the onset of early progressive renal decline in the 2nd Joslin Kidney Study, comprising 595 patients with TID with normoalbuminuria (NA) and 513 with MA (19) . During 4-10 years follow-up, longitudinal measurements of serum creatinine (cr) and cystatin C (cys) were used to trace individual trajectories of eGFRcr-cys changes over time. The distribution of the annual rate of eGFRcr-cys change was divided into rates consistent with "stable" renal function, eGFRcr-cys loss ,3.3% per year (nondecliners), and rates reflecting progressive renal decline, eGFRcr-cys loss $3.3% per year (decliners). The frequency of decliners according to baseline eGFR and presence of NA and MA are shown in Table  1 . Overall prevalence of decliners was 10% in patients with NA and 32% in those with MA. The frequency of decliners in each group increased with decreasing baseline eGFR. This association most likely resulted from ascertainment bias (i.e., decliners had higher risk of developing urinary albumin abnormalities). Interestingly, the prevalence of decliners in NA and MA in the 2nd Joslin Kidney Study is very similar as in the 1st Joslin Kidney Study (14) .
To determine time of initiation/onset of progressive renal decline, we plotted eGFRcr-cys trajectories in decliners with NA in Fig. 2 (19 (19) . Trajectories of eGFRcr-cys changes in the decliners in the corresponding data from the MA group in the 2nd Joslin Kidney Study are not presented because they are similar to those in the NA group.
To explore the relation of progressive renal decline to changes in urinary albumin excretion, we examined the trajectories of renal function changes in patients as MA developed. In the 1st Joslin Kidney Study, MA developed in the early 1990s in 79 patients who were followed subsequently for 10 years (25) . Trajectories of eGFRcys changes for these patients are plotted in Fig. 3 . Renal function was stable in the majority (70%), despite the development of MA (Fig. 3A) . The remaining trajectories (30%) qualified as progressive renal decline (i.e., eGFRcys loss $3.3% per year) (Fig. 3B ), which was already established when MA developed and continued during subsequent followup. Similar to the decliners with NA in Fig. 2 , eGFRcys losses in this group were well represented by simple regression slopes, albeit at rates varying widely among individuals. Within 10 years of follow-up, chronic kidney disease (CKD) stage $3 had been reached by half of them and ESRD had developed in five patients. If their trajectories of decline remain linear, CKD stage 3 will be Data are n (%). Observed during 4-10 years of follow-up in the study group included in the 2nd Joslin Study on Natural History of Early Renal Decline in T1D according to CKD stages and presence of NA and MA at entry into the follow-up (A.S.K., unpublished data).
reached by the rest during the next 10 years. Early and late progressive renal decline are contrasted in Fig. 3B . The former refers to decline beginning while renal function is normal, a feature of diabetic nephropathy first described by us. The latter is a long-recognized feature of CKD observed by nephrologists when such patients are referred to them for follow-up. Visually striking is the absence of features distinguishing early from late decline except their starting point. Thus early and late decline might be successive segments of a uniform process.
Particularly relevant to the relation between renal decline and urinary albumin excretion is the observation that during the 2-year interval before the onset MA, the distribution of abnormal urinary albumin excretion did not differ between decliners and nondecliners (23) . During follow-up one sees further uncoupling of changes in urinary albumin excretion and changes in eGFRcys. At the end of follow-up, and after many years of eGFR loss, proteinuria developed in only half of the decliners. NA was present in three patients and MA in the remainder. In contrast among nondecliners, MA persisted or progressed to proteinuria in half and regressed to NA in the other half. Similar results were obtained when eGFRcr trajectories were analyzed (26) .
Not All Patients With Proteinuria Have Progressive Renal Decline
We recently examined the trajectories of renal function changes over time in patients with T1D included in the Joslin Proteinuria Cohort (20) . In this cohort, 240 patients entered with eGFRcr above 60 mL/min and were followed for 7-18 years. We used serial measurements of serum creatinine to estimate eGFRcr and to determine trajectories of eGFRcr in this cohort (Fig. 4) . For this illustration, we selected examples with the smallest deviations of eGFRcr values around regression lines. The first step in the classification of the trajectories was to distinguish stable versus declining renal function. In this analysis, a decline less steep than 3.5 mL/min/year was considered "stable" (examples in Fig. 4A-C) , while a steeper slope was considered clinically significant decline (examples in Fig. 4D-F ). For patients with declining renal function, the nonlinearity of a trajectory was considered clinically consequential if the estimated time of reaching an eGFR of 10 mL/min (expected time of ESRD) was more than 1 year from the observed time of ESRD (vertical dotted line). These nonlinear trajectories were further characterized as decelerating (Fig. 4G) or accelerating ( Fig. 4H and I) . Typically, acceleration interrupted a period of stable renal function (new-onset decline) as in panel H. Panel I illustrates a rare pattern, acceleration from one rate of decline to a faster one. In summary, the frequencies of these different patterns were stable eGFRcr (Fig. 4A-C) in 47% patients, significant linear loss (Fig. 4 D-F) in 37%, decelerating loss (Fig. 4G) in 12%, and accelerating loss (Fig. 4H and I ) in only 4%. To gain an appreciation of the distribution of overall slopes of eGFRcr change in the whole group of 240 subjects, we extracted the linear component of each trajectory as a simple slope (Fig. 5 ). A few individuals had a positive slope (i.e., renal function improved at the end of follow-up), but the majority had negative slopes (i.e., decreased renal function). The median (25th, 75th percentiles) slope was -3 (-7, -1) mL/min/year. Reflecting the long tail of negative values, the 5th percentile was -16 and the minimum -71 mL/min/year (Fig. 4F) . The available clinical information for this patient did not indicate any other cause of renal function decline than T1D (20) . In summary, 25% of patients can be considered as having rapid progressive renal decline (eGFRcr slope ,-7 mL/min/year) and they progressed to ESRD within 2-10 years. Another 25% had moderate progressive renal decline (eGFRcr slope -7 to -3 mL/min/year) and most progressed or will progress to ESRD within 10-30 years. The rest (50%) will have slow or no progressive renal decline and few may progress to ESRD during 30 years of follow-up.
PREDICTORS/DETERMINANTS OF PROGRESSIVE RENAL DECLINE
Demonstration of the existence of predictors of progressive renal decline lends credence to it as a disease process and its role as the dominant clinical feature of early and late stages of diabetic nephropathy.
Multiple Systemic Predictors of Early Progressive Renal Decline
We have been searching systemic factors, both clinical characteristics and serum markers, for determinants of early progressive renal decline in patients with NA and MA enrolled into the first phase of the 2nd Joslin Study (19) . We found multiple factors associated with the risk of renal decline, and the associations are similar regardless of whether patients entered the study with NA or MA. This finding supports the conclusion that early progressive renal decline is the primary clinical abnormality of diabetic nephropathy. Therefore, NA and MA were combined for this analysis. Factors associated with the risk of renal decline in multiple regression analysis are shown in Fig. 6 . Although the exact mechanisms through which these factors contribute to early progressive renal decline are unknown, we discuss here possible mechanisms with regard to the two serum markers.
We showed that values of serum uric acid in the high normal range increased the risk of early progressive renal decline (17, 19) . Elevated serum uric acid has proinflammatory properties and may act as either a pro-oxidant or antioxidant molecule, depending on the circumstances (27) . In vivo, rats rendered hyperuricemic by means of an uricase inhibitor develop an afferent arteriolopathy that decreases luminal diameter and produces renal ischemia, leading to glomerulosclerosis and tubulointerstitial fibrosis (28) . Lowering serum uric acid concentration with allopurinol attenuates these histological and functional changes (29) . It is intriguing to postulate that lowering serum uric acid in patients at risk for early progressive renal decline may reduce the risk of 
renal decline in T1D. A clinical trial, the Preventing Early Renal Loss in Diabetes (PERL) study, is being implemented to test this hypothesis (30).
Elevated serum concentrations of tumor necrosis factor receptors (TNFR) 1 or 2 are strongly associated with the risk of advanced stages of renal decline such as CKD stage 3 or ESRD (18, 21, 31) . Our most recent study in patients with NA extends that association to include the onset of renal decline itself (19) . While we do not know how elevated concentrations of TNFRs initiate renal decline and lead to renal failure, we have excluded some candidate hypotheses. For example, serum TNF-a itself is not involved directly or indirectly through regulation of serum TNFRs in the development of renal decline (18) . Furthermore, serum concentrations of several potential downstream effectors of TNFRs (chemokines and circulating adhesion molecules, such as interleukin [IL]-8, IP-10, MCP1, vascular cell adhesion molecule, and intracellular adhesion molecule) are not associated with renal decline either (18) . An intriguing finding is the negative interaction between serum uric acid and TNFR1 on the risk of renal decline in both NA and MA, meaning that the risk of renal decline for patients with elevated serum uric acid and serum TNFR1 is less than the sum of their individual risks (19) . This suggests that the predisposing effects of serum uric acid and TNFR1 converge on some common pathway that cannot be further activated by one factor if it has already been turned on by the other. The nature of this putative pathway is unknown.
Urinary Biomarkers and Risk of Early Progressive Renal Decline
Although glomerulopathy has been assumed to be the major contributor to the pathogenesis of diabetic nephropathy, evidence is growing that tubulointerstitial injury mediated through an inflammation process also contributes to the development of diabetic nephropathy, particularly late progressive renal decline (32, 33) . For example in kidney biopsy studies, the severity of diabetic nephropathy (measured as GFR) is associated with the presence of specific inflammatory markers (34, 35) .
To pursue these cross-section findings prospectively, we investigated the role of chemokines in urine in the development of early progressive renal decline in patients with T1D (36)dthe same patients whose trajectories of eGFRcys were presented in Fig. 3 . In urine specimens obtained at entry into the study, we assayed 23 cytokines/ chemokines, but only five (IL-6, IL-8, MCP1, IP-10, and MIP-1d) were detected in a majority of specimens. Urinary concentrations of all five markers were significantly higher in decliners than nondecliners and identical in nondecliners regardless of whether MA or NA was present. The multiplicity of marker elevations distinguished decliners from nondecliners best. In multivariate analysis, elevation of two or more urinary cytokines/chemokines was strongly associated with future risk of early progressive renal decline (odds ratio 5.4 [95% CI 1.9, 15.6]). In contrast, concentration of CRP, IL-8, and MIP-1d in serum did not differ between decliners and nondecliners (36) .
In conclusion, our results are consistent with some previous studies in humans that implicated inflammation in the development and progression of renal injury in diabetes (37, 38) . However, we refined the characterization of its role in humans with T1D by demonstrating that elevated levels of markers of low-level inflammation in urine are not associated with MA per se but are specific for early progressive renal decline (36) . The nature of the factors elevating the concentrations of urinary proinflammatory chemokines and cytokine in T1D remains unknown.
PROGRESSIVE RENAL DECLINE AS THE NEW PARADIGM OF DIABETIC NEPHROPATHY IN T1D New Paradigm and Search for Mechanisms
Having demonstrated unequivocally that progressive renal decline is the primary manifestation of diabetic nephropathy in T1D (Figs. 2-5) , we propose that it be the new paradigm of diabetic nephropathy (23, 24) . As outlined in Fig. 7 , progressive renal decline is represented as a one-directional process superimposed upon the natural course of abnormal urinary albumin excretion. The latter can regress, stay the same, or progress while renal decline, once initiated, progresses to ESRD, albeit at widely differing individual rates. Progressive renal decline is present in about 10%, 32%, and 50% of patients with NA, MA, and proteinuria, respectively. It increases the risk of MA in patients with NA and the risk of proteinuria in patients with MA. Therefore, a study group ascertained for MA will be enriched with decliners and a group ascertained for proteinuria enriched even more. In T1D, the lifetime risk of ESRD, the end of progressive renal decline that starts in patients with NA (Fig. 2) , is estimated to be 10-15%. However, onsets of ESRD occur over a long span of T1D duration. For example, for the 172 cases of ESRD in the Joslin Proteinuria Cohort, the median (25th, 75th percentiles) duration of T1D at onset of ESRD was 28 (21, 37) years (1). The putative mechanisms that initiate and sustain progressive renal decline in T1D are not well known. To advance our understanding of these mechanisms while taking into account the salient features of progressive renal decline described above, the following questions should be investigated.
First, in which kidney compartment, tissue, or cell type is the disease process initiated (Figs. 2 and 3B) ? Candidates include the glomerulus, tubule, interstitium, or vasculature. The risk of developing progressive renal decline in patients with NA is strongly associated with the serum level of kidney injury molecule-1, a specific marker of tubular damage (39) . Transgenic mice that overexpress kidney injury molecule-1 in tubules eventually develop morphological lesions and renal function decline as it is seen in human diabetes (40) .
Second, are there differences in the mechanisms responsible for early and late progressive renal decline (Fig. 3B) ? In the normal range of renal function, progressive eGFR loss may be due to unknown functional changes, while late progressive eGFR loss (CKD stage 3-5) is due to morphological lesions in some kidney compartment, tissue, or cell type. The similarity of the rates of eGFR loss during early and late phases of progressive renal decline argues against it (Figs. 3B and 4) .
Third, to what extent does etiologic heterogeneity account for the wide individual variation in the rate of eGFR loss (Fig. 5) ? The rates may be grouped as rapid, moderate, or slow and as nondecliners. Whether a patient has rapid loss, moderate or slow decline, or is protected against ESRD may be determined by genetic factors (41) . Alternatively, different sets of environmental factors may be involved. For example, in a comparison of T1D cohorts with proteinuria from the Joslin Clinic and the Steno Diabetes Center, rapid decliners were significantly more frequent in the Joslin cohort (42) .
Lacking an animal model of the progressive renal decline of human diabetes, we are left with clinical and epidemiological studies to investigate these questions. Application of new high-throughput technologies, such as genetics, genomics, proteomics, and metabolomics platforms, should help us understand the mechanisms of progressive renal decline in T1D. Recently we presented the results of such studies (43, 44) .
How to Diagnose Progressive Renal Decline?
An important message conveyed by Fig.  7 is that the majority of patients with NA and a large proportion of those with MA and proteinuria will never develop ESRD. On the other hand, among those at risk for ESRD the rate of eGFR loss varies widely (Figs. 2-5 ). Therefore, physicians face not only the challenge of identifying patients in whom progressive renal decline will develop from those who will be spared but also the challenge within the affected group of distinguishing rapid from moderate and slow decliners for estimating the time to onset of ESRD (Figs. 4 and 5) .
At present, two tests are used to diagnose diabetic nephropathy in T1D: urinary albumin excretion (a measure of glomerular damage) and serum creatinine concentration (a measure of renal function loss). Positive results of these tests indicate the presence and extent of kidney damage at the time of examination. A recommendation has been made to use a combination of these tests in clinical practice to diagnose diabetic nephropathy (45) , despite the fact that the results give no information about the rate of renal function loss or allow estimation of the time to ESRD.
Intensive research is under way to find better predictors. Recently, we showed in patients with diabetes and proteinuria that a single determination of serum cystatin C is superior to a simultaneous determination of serum creatinine in stratifying patients according to risk of developing ESRD (46) . More recently, we showed that the serum concentration of TNFR1 or TNFR2 is a very good predictor of the future development of CKD stage $3 and ESRD in patients with T1D (18, 21) and is similarly effective in predicting ESRD in patients with type 2 diabetes (31). Similar findings were obtained by other authors in different populations (47, 48) . Accordingly, we postulate that a suite of determinations, including urinary albumin excretion and serum concentrations of creatinine, cystatin C, and TNFR1, may be sufficient to construct an index for stratifying patients with T1D according to their risk of progressive renal decline and time of onset of ESRD (A.S.K., unpublished data).
Progressive Renal Decline and Interventions
New effective therapies are desperately needed to reduce the risk of ESRD in T1D as discussed in a recent issue of Seminars in Nephrology (49). Strategies to prevent or delay the risk of ESRD are outlined in Fig. 8 . The most desirable intervention is either complete prevention or postponement of the onset of early progressive renal decline by many years. The best example of such an intervention is the Diabetes Control and Complications Trial (DCCT) in which improved glycemic control in healthy patients with T1D delayed the onset of early progressive renal decline by 6 years (50). In contrast, treatment of similar patients with ACE inhibitors failed to delay this outcome (51) .
The other intervention is treatment to slow down the rate of eGFR loss in patients who already have early or late progressive renal decline (Fig. 8) . Designing such interventions can be helped by taking into account some of the features of progressive renal decline discussed in this review.
First, as renal function loss seems to be linear, implementation of an effective treatment in patients with early progressive renal decline would result in longer postponement of onset of ESRD than its implementation in patients with late renal decline. Second, the effectiveness of new therapies to slow progressive renal decline cannot be evaluated in clinical trials that use changes in urinary albumin excretion as an outcome. The proper outcome measure is a change in the rate of renal decline as in the ongoing PERL study in which the effectiveness of treatment with allopurinol in reducing the rate of GFR loss in patients with early renal decline is being investigated (28) . The U.S. Food and Drug Administration-recommended outcome measures (a doubling of serum creatinine or significant postponement of the onset of ESRD) for use in the 3-5 year clinical trial may not be sensitive enough to detect effects that are less than dramatic. Furthermore, such trials will not recognize an effective therapy that has a long lag interval before the effect is manifested. Our recent study illustrates precisely that type of delayed effect. In patients with T1D and proteinuria, an extended period of improved glycemic control was required before it decreased the rate of decline and postponed ESRD by many years (22) . Third, the efficiency of clinical trials of new therapies is significantly reduced (and cost significantly increased) if patients who are nondecliners are included (Fig.  5) . Recruitment of them is counterproductive despite their having proteinuria, hypertension, or impaired renal function. Finally, the wide variation in rates of renal decline illustrated in Fig. 5 may be determined by heterogeneous mechanisms. Prediction of the rate of renal function loss will allow not only stratification of patients according to risk of ESRD but also selection of different therapeutic strategies according to the urgency of ESRD risk. Rapid decliners (Fig. 5 ) may be suitable for aggressive interventions that have received little consideration so far. Such personalized approaches are being developed in other diseases and should be tried for progressive renal decline. tients in the Joslin Kidney Study for their generous participation and expresses his sincere gratitude to the collaborators, many research fellows, and supporting staff for making the Joslin Kidney Study a success. No other potential conflicts of interest relevant to this article were reported.
